Ten strains of Geotrichum candidum were studied on a liquid cheese model medium for the production of sulfur compounds which contribute to the aroma of cheeses. The volatile components produced by each cultured strain were extracted by dynamic headspace extractions, separated and quantified by gas chromatography (GC), and identified by GC-mass spectrometry. It was shown that four strains of this microorganism produced significant quantities of S-methyl thioacetate, S-methyl thiopropionate, S-methyl thiobutanoate, S-methyl thioisobutanoate, S-methyl thioisovalerate, and S-methyl thiohexanoate. This is the first example of the production of these compounds by a fungus. In addition, dimethyldisulfide, dimethyltrisulfide, dimethylsulfide, and methanethiol, which are more commonly associated with the development of cheese flavor in bacterial cultures, were also produced by G. candidum in various yields, depending on the strain selected. The potential application of these strains in cultured microbial associations to produce modified cheeses with more desirable organoleptic properties is discussed.
Sulfur compounds are present in many foods (38) and beverages (9, 33) and are found commonly in a range of dairy products, including yogurt (21, 39) and ripened cheeses (8, 17) . In the case of cheese, it has been shown that the sulfur flavors are comprised of a structurally diverse class of molecules which provide a whole range of characteristic aromatic notes (e.g., "cheesy" and "garlic") in a particular cheese, as is evident from the analysis of cheddar (32, 46) , Limburger (40) , Camembert (13, 26) , blue (16) , and other mold-ripened varieties (12, 36) . Additionally, the sensory properties of these sulfur compounds are pronounced at very low concentrations due to their low odor thresholds (7, 25) .
The origin of many sulfur flavors in cheese is associated with the production of methanethiol (MTL) by bacterial cultures which are used in the preparation of cheese (20, 23, 30, 43) . Numerous bacteria, such as lactobacilli, lactococci (11) , and Brevibacterium linens in particular (6, 10, 11, 15) , produce useful quantities of this compound. The direct metabolic pathway responsible for the generation of MTL involves the bacterial degradation of L-methionine, and significant effort has been made to isolate and characterize L-methionine-␥-demethiolase, which is the intracellular enzyme responsible for this bioconversion (6, 10, 15, 24) . Other bacterial enzymes involved in L-methionine metabolism include cystathionine-␥-lyase and cystathionine-␤-lyase, which are also implicated in the production of MTL, but their role in the development of cheese flavor remains tentative at present (11) . Further bacterial metabolism of MTL leads to the generation of a range of sulfur compounds which contribute significantly to the aroma of cheese, including dimethyldisulfide (DMDS) (26, 36) , dimethyltrisulfide (DMTS) (14) , and some thioesters, such as S-methyl thioacetate (MTA) and S-methyl thiobutyrate (MTB) (4, 7, 27, 28, 46) .
In association with bacteria, other microorganisms are commonly present in cheese-ripening cultures used in the dairy industry (19) , including Geotrichum candidum, which develops very early during the ripening process (2, 18, 31) . Although there was no direct evidence for the generation of MTL by this microorganism, a strain was identified recently which can produce DMDS (22) . Based on the assumption that DMDS was likely to be formed from MTL by G. candidum, the aim of this investigation was to demonstrate that strains of this microorganism could indeed generate this thiol and, if this was the case, to assess the ability of the microorganism to produce other useful sulfur flavors from this precursor.
MATERIALS AND METHODS
Materials. Dimethylsulfide (DMS), DMDS, and MTB were purchased from Sigma-Aldrich (St. Quentin Fallavier, France). MTA was obtained from Lancaster (Bischeim, France), and DMTS was obtained from Acros Organics (Noisyle-Grand, France).
Growth and storage of G. candidum. Ten strains of G. candidum, G1 to G10 (SKW Biosystems, la Ferté-sous-Jouarre, France), were cultured at 23°C in the absence of light on a liquid medium (potato dextrose; Difco, Detroit, Mich.) with shaking at 200 rpm for 30 h. Skim milk (25 ml; Difco) containing glycerol (5% [vol/vol]) was added to 100 ml of each culture for cryoprotection, and the samples were then transferred to 10-ml tubes and stored at Ϫ80°C. Prior to use of the samples as inocula, the concentration of the cell suspensions was determined by plate counting (chloramphenicol glucose agar; Biokar Diagnostics, Beauvais, France) with serial dilution (10 Ϫ3 to 10
Ϫ5
). Cell culturing on a model liquid cheese medium. Sterile culture medium was prepared with a salted lactic curd (Coulomiers type; SOREDAB, Le Boissière Ecole, France) which was ground in a blender (Waring Blender, Prolabo, France) with sterile Milli-Q water (300:200 [wt/wt]) for 2 min at maximum speed. The pH was adjusted to 4.86 Ϯ 0.05 with sterile 2 N NaOH, and the medium was pasteurized in a water bath at 60°C for 90 min (Grant Instruments, Cambridge, United Kingdom). This moderate heat treatment was chosen to eliminate lactic flora present in the curd without the generation of compounds which could impart flavor. All manipulations were conducted under laminar flow with sterile glassware.
For each strain tested, a thawed concentrated suspension of cells (composed of spores and mycelia) was used to innoculate pasteurized lactic acid curd (500 ml). The volume of innoculum used varied according to the strain of G. candidum employed and was adjusted to provide a final cell concentration of 10 4 CFU/ml in the cheese-based growth medium. Each strain of G. candidum (G1 to -10) was cultivated in triplicate in the absence of light at 12°C for 21 days. After this incubation period, the strains of G. candidum were visible on the surface of the cheese-based medium as homogeneous flora with a cell density between 2.3 ϫ 10 7 and 6.6 ϫ 10 7 CFU/ml. The purity of each culture was confirmed by testing with respect to (i) total flora (plate count agar; Biokar Diagnostics), (ii) yeast and mold (chloramphenicol glucose agar; Biokar Diagnostics), and (iii) bacteria (brain heart infusion; Biokar Diagnostics). Only those cultures which were shown by plate testing to be free from microbial contamination were used for the assessment of sulfur flavor production by the individual Geotrichum strains. All samples prepared in these experiments were then frozen and stored in hermetically sealed glass flasks at Ϫ80°C. Prior to dynamic headspace analysis, each culture medium flask was thawed at 4°C and sterile Milli-Q water (2:1 [wt/wt]) was added. The mixture was homogenized over two 30-s intervals at 13,500 rpm (Ultra-Turax T25; Janke and Kundel, Strangen, Germany), and a 5-ml sample volume was transferred to an analytical glass tube for immediate analysis. Each triplicate sample of the strain cultures (G1 to G10) was analyzed by three independent measurements.
Dynamic headspace extraction and gas chromatography (GC)-mass spectrometry analysis of the cultures. The volatile compounds in each culture sample were extracted with a dynamic headspace analyzer (purge and trap concentrator; model 7695A; Hewlett-Packard, Avondale, Pa.). Each sample tube was connected to the apparatus and heated at 60°C for 10 min and then purged with high-purity helium at a flow rate of 30 ml/min for 15 min. The volatiles were extracted by adsorption to a porous-polymer-adsorbent Tenax trap column (60/80 mesh; 0.25 g; 30 by 0.32 cm; Teckmar Inc., Cincinnati, Ohio) at room temperature. This column was heated at 225°C for 2 min to desorb the volatiles, which were directly transferred at 150°C to the head of a capillary column with cryofocusing at Ϫ150°C. Water was removed by condensation with an in-line moisture control system.
The condensed volatile compounds were analyzed by GC (model 6890; Hewlett-Packard) by heating the interface to 180°C for 1 min and automatic injection (splitless) onto a nonpolar capillary column (HP-5MS; 30.0 m by 0.25 mm; 0.25-m film thickness) at a helium flow rate of 1.6 ml/min. The oven temperature was held at 5°C for 8 min and then programmed from 5 to 20°C at 3°C/min followed by a gradient of 10°C/min to a final temperature of 150°C. The GC column was also connected directly to a mass-sensitive detector (model 6890A quadrupole mass spectrometer; Hewlett-Packard). The electron impact energy was set at 70 eV, and data were collected in the range of 29 to 300 atomic mass units at a scan rate of 1.68 scans/s. Using these experimental procedures, the minimum detection limit for each sulfur compound investigated was 1 ppb.
General synthesis of S-methyl thioesters. The respective acid chloride (75 mmol) was dissolved in dry dichloromethane (200 ml) at 0°C, and sodium thiomethoxide (1.5 molar equivalents) was added in small portions (approximately 0.5 g) with vigorous stirring over 30 min under dry nitrogen. Stirring was continued for 3 h at 0°C followed by 16 h at room temperature. The reaction mixture was filtered, and the organic phase was washed with ice-cold 5% aqueous citric acid (100 ml) and 5% aqueous NaHCO 3 (100 ml). The organic layer was then dried over anhydrous Na 2 SO 4 and filtered, and the solvent was removed in vacuo (10 mm Hg) at 0°C to obtain a colorless oil, which was purified further by three successive distillations under vacuum. 
(CAO).
Structural analysis and purity of S-methyl thioesters. 1 H and 13 C NMR spectroscopic analysis was performed on a Jeol EX270A multinuclear Fourier transform spectrometer. Samples were prepared in deuteriated chloroform, and the residual solvent peak was used as an internal reference. The purity of the distilled thioesters (Ͼ99.5%) was assessed by GC with a Hewlett-Packard 5890 GC (split) system with a BPX-5 capillary column (12 m by 0.3 mm; film thickness, 0.33 m) connected to a flame ionization detector with helium as a carrier gas at a flow rate of 0.7 ml/min. Samples were injected with a split-splitless injector (split ratio, 1/100). For analysis, the injection temperature was set to 40°C and the detector was at 370°C. The oven temperature was programmed from 40 to 145°C at 10°C/min.
Identification and quantification of sulfur compounds produced by the cultures. MTP, MTIB, MTIV, and MTH were synthesized and characterized as described above, and all other compounds investigated were purchased from commercial sources. The sulfur compounds produced in the cultures were identified by GC comparison with these pure references (retention time and mass spectra), and the concentration of products formed was determined with calibrated standards. Known amounts of reference compounds were added to a plain lactic curd at various final concentrations (0 [plain curd], 0.05, 0.10, 0.25, and 0.50 ppm), and for each of the five concentrations, triplicate curd samples were prepared. Each of these was submitted to headspace analysis three times. A linear regression between compound areas (obtained by integration of the masssensitive detector signal) and their known concentrations (in parts per million) was performed to accurately determine the concentration of sulfur compounds in each culture. Controls were also prepared containing no inocula and cultivated under exactly the same conditions as the inoculated media. In these samples, and in fresh noncultured media, DMDS and DMTS were present at very low concentrations (40 and 10 ppb, respectively), and these values were taken into account during the construction of calibration curves. Due to the high volatility of MTL, the concentration of this compound was extrapolated by using a calibration equation based on DMDS.
Data analysis. The data set consisted of 10 variables (sulfur compounds) and 30 samples (10 strains of G. candidum cultured in triplicate), which were submitted to one-way analysis of variance by the general linear model procedure as implemented in the SAS software (42) . With the exception of MTL, which has a low boiling point and leads to a relatively high coefficient of variation (40%), for each sulfur compound produced by a single strain of G. candidum, low coefficients of variation (15%) were obtained from analysis among the three replicate cultures. After the strains were cultured over a 3-week period, variations in cell density among the strains were less than 1 log unit, and these coefficients of variation (Ͻ30%) were taken into consideration during the statistical analysis. An assessment of significant differences in the production of individual sulfur compounds by each strain of G. candidum was performed according to the Student-Newman-Keuls multiple-comparison test (P Յ 0.005). The mean con- 
RESULTS
On the basis of their general utility in industrial cheese making, 10 strains of G. candidum (G1 to -10) were investigated for the production of MTL, sulfides, and thioesters. As determined by analysis of variance, significant differences were observed between these 10 strains (P Յ 0.005) and the 10 sulfur compounds investigated (see Materials and Methods). Dynamic headspace analysis confirmed that DMDS was the major sulfur component present in all strain cultures tested (G1 to -10), at concentrations ranging from a minimum of 0.10 ppm (G1) to a maximum of 1.93 ppm (G2) as shown in Fig. 1B . With one exception (G1), it was shown that MTL was also generated by all cultures of G. candidum (Fig. 1A) , suggesting that it was indeed the likely precursor of DMDS. The observation that strain G1, which did not generate significant levels of MTL, also produced the smallest quantities of DMDS provided further evidence to support this view. It was also clear that G. candidum produced DMTS (Fig. 1C) , and as expected, the highest yields were obtained with those cultures (G2, G5, G3, and G6) which produced the greatest amounts of MTL and DMDS (Fig. 1A and B) . As shown in Fig. 1D , data analysis with a typical Student-Newman-Keuls multiple-comparison test showed that four strains of Geotrichum could be categorized into groups a and b due to the statistically different mean concentrations of DMS generated. From the analysis of a correlation matrix based on the concentration of sulfur compounds present in the cultures (Table 1) , there was a clear relationship between the concentration of MTL present and those of DMDS (r ϭ 0.89) and DMTS (r ϭ 0.95). Surprisingly, DMS was also detected in high concentrations (0.6 to 1.0 ppm) with cultures G2, G3, G5, and G6, as shown in Fig. 1D.   FIG. 2 . Production of MTA, MTP, MTB, MTIB, MTIV, and MTH by strains G6 (ᮀ), G2 (z), G5 ( , ), and G3 (s). The four strains of G. candidum which proved to be most useful for the production of sulfides (G2, G3, G5, and G6) were also capable of generating six S-methyl thioesters, i.e., MTA, MTP, MTB, MTIB, MTIV, and MTH, as shown in Fig.  2 . G2 and G6 in particular produced these compounds in relatively large quantities, but, with the notable exception of MTA (0.2 to 1.4 ppm), the thioesters were produced at 10-to 40-fold-lower concentrations than the sulfides (Fig. 1B, C, and  D) . It was also clear that the most suitable strains for the generation of thioesters (Fig. 2) were those which produced the highest concentrations of DMS (Fig. 1D), DMDS (Fig.  1B) , and DMTS (Fig. 1C) , and this dependence was presumably related to the requirement for MTL. Significantly, the type of thioester produced was specific to the strain of G. candidum used, with G2 and G6 generating a mixture of all six thioesters, including MTP, MTB, and MTH, whereas G3 and G5 produced only MTA, MTIB, and MTIV.
DISCUSSION
Although G. candidum is known to produce esters (29) , this is the first report of the generation of a whole range of specific sulfur compounds by this microorganism, including S-methyl thioesters (MTA, MTP, MTB, MTIB, MTIV, and MTH) and sulfides (DMS and DMTS). Prior to this investigation, it was believed that the generation of these flavor components (e.g., MTA and MTB) during cheese ripening was due solely to bacteria, despite the presence of yeasts or molds in the flora. Moreover, although sulfur compounds which result in cheesy notes have been identified by numerous groups (1, 5, 7, 8, 30, 36) , there is limited information available on microorganisms responsible for the generation of these flavors and the cell metabolic pathways involved. It can be concluded from this study that G. candidum may well play an important role in the development of these cheese flavors. In the absence of any other contaminating microorganism, MTL was produced by nearly all strains tested, and it is reasonable to assume that the sulfur compounds identified were generated from this precursor. Although the involvement of other enzymes, such as cystathionine ␤-and ␥-lyases (1, 5), or methylation of hydrogen sulfide (47) cannot be ruled out at present, it is most likely that MTL is produced by L-methionine-␥-demethiolase in this microorganism. It is also evident that the amount of MTL produced is dependent on the strain of G. candidum, and this may be due to a number of contributing factors, including the level of L-methionine-␥-demethiolase activity (45) , the in vivo Lmethionine available (44) , and the degradation of L-methionine by aminotransferases (48) and/or amino acid oxidases (41, 44) . Nevertheless, it is clear that even without a detailed knowledge of the intracellular metabolism of sulfur compounds in a given strain, a simple screen is sufficient to identify those cultures which (i) produce the highest levels of MTL (i.e., G2, G3, G5, G6, and G8 [ Fig. 1A]) ; (ii) generate other specific classes of sulfur flavors, including sulfides (Fig. 1B, C, and D) and S-methyl thioesters (Fig. 2) ; and (iii) show specific variations in their propensities to produce sulfides (e.g., DMDS and DMTS are produced by all 10 strains whereas DMS is present only in cultures of G2, G3, G5, and G6) and thioesters (e.g., G2 and G6 produce all six thioesters, whereas G3 and G5 generate only MTA, MTIB, and MTIV).
The production of the various classes of sulfur compounds by these strains inevitably involves a number of independent pathways which all rely on the availability of MTL. It is clear that DMDS and DMTS are formed in those cultures which produce high concentrations of this thiol, and based on the high correlation coefficient between the concentrations of MTL-DMDS (r ϭ 0.89) and MTL-DMTS (r ϭ 0.95) (Table 1) , the oxidation of MTL to these higher polysulfides by G. candidum is likely to occur by a mechanism similar to that previously described in bacterial cultures (40) . Moreover, the high correlation between the thioesters (r ϭ 0.98 for MTP-MTB, MTA-MTP, and MTIB-MTIV [ Table 1 ]) suggests that a common enzymatic system in G. candidum is responsible for the generation of these compounds, as in the case of bacteria (28) . DMS has also been identified as a sulfur flavor in cheeses (26, 36) , although there is only a limited understanding of the mechanism responsible for the production of this sulfide by microorganisms (18, 28) . Based on the observation that cultures of G3 and G8 are able to produce DMDS and DMTS in similar concentrations and that DMS is produced by G3 but not by G8 (Fig. 1D) , this compound may well be generated via a mechanism different from that of the polysulfides in this particular strain. In general, it is clear that sulfur metabolism in G. candidum involves significant intraspecies variation, and this may have important technological implications.
At present, the use of microbial associations, and their subsequent effects on the sensory properties of cheese, is still poorly understood (34, 35, 37) . Previously, we showed that mixed cultures of Penicillium camemberti and specific strains of G. candidum produced Camemberts much more typical than those obtained with pure cultures of P. camemberti alone, due to the development of specific flavor notes (e.g., "cabbage" and "cowshed") identified in the cheese by sensory analysis (35) . Based on the results of this study of the generation of various sulfur compounds, it is possible that the presence of G. candidum in association with other microorganisms is responsible for the variations in flavor notes previously observed; e.g., S-methyl thioesters have recently been shown to produce cheesy notes at low odor thresholds (3) . Therefore, the judicious use of suitable associations of various microorganisms and G. candidum in starter cultures could facilitate the modification of both the type and quantity of sulfur flavors generated and result in cheeses with more desirable organoleptic properties.
